We have isolated from mouse FM3A cells a variant cell line, termed EXOD-1, that overproduces ornithine decarboxylase (ODC). The cells were resistant to a-difluoromethylornithine, an irreversible inhibitor of the enzyme, and produced the enzyme protein to the extent of approx. 3-6% of total cytosolic protein. The rate of ODC synthesis in this cell line accounted for 25-50 % of the rate of total protein synthesis. The amounts of the ODC gene and its mRNA in the variant cells were both about 60 times as much as those in wild-type FM3A cells. Upon removal of the inhibitor, the growth of the ODC-overproducing cells was stimulated approx. 2-fold. Under these conditions, the rate of ODC synthesis increased about 4-fold on day 1 and then decreased to near the original level by day 3. The amount of ODC mRNA increased about 1.7-fold on day 1 and 2.5-fold on day 3. No correlation was observed between changes in ODC 
INTRODUCTION
Polyamines, namely putrescine, spermidine and spermine, are essential for cellular growth. Polyamine biosynthesis in most eukaryotic cells is regulated by two key enzymes, ornithine decarboxylase (ODC) and S-adenosylmethionine decarboxylase (AdoMetDC) [1] [2] [3] . These enzyme levels are regulated not only by various growth stimuli but also by polyamines themselves via complex mechanisms affecting gene transcription [4, 5] , mRNA stability [6] [7] [8] , mRNA translation [9] [10] [11] [12] , enzyme degradation [13, 14] , enzyme modification [15] [16] [17] and processing of precursor AdoMetDC [18] . It has been reported by Kameji and Pegg that the translation of mRNAs for polyamine-synthesizing enzymes is more sensitive to polyamines than is that of other mRNAs [19, 20] . Similar results were reported by Persson et al. [11] . Recently it was demonstrated that a part of the 5'-untranslated region of ODC mRNA was important for the translational regulation [21] [22] [23] [24] . To obtain further information about the regulatory mechanisms of ODC, we recently isolated an ODCoverproducing variant cell line from mouse FM3A cells by selecting cells resistant to a-difluoromethylornithine (DFMO), an enzyme-activated irreversible inhibitor of ODC. Several cell lines, which overproduced ODC due to gene amplification have been reported previously [11, [25] [26] [27] [28] [29] . A mouse lymphoma cell mutant [26] synthesized ODC protein most abundantly among those cell lines, to an amount equivalent to about 15 % of total protein synthesis. Our mutant synthesized ODC protein preferentially, corresponding to 25-50 % of total protein synthesis. Using the mutant, we showed that ODC regulation in synthesis rate and in ODC mRNA content, suggesting a translational repression of ODC mRNA due to accumulation of polyamines. In fact, the cellular contents of putrescine and spermidine markedly increased and that of spermine inversely decreased during the same period. Pulse-chase experiments showed that the accumulation of putrescine and spermidine also elicited a rapid degradation of ODC. Excess amounts of newly synthesized putrescine and cadaverine were excreted into the medium, whereas spermidine, spermine and acetylated polyamines were undetectable there. We conclude that ODC regulation upon removal of the inhibitor is dependent on at least three steps, namely the level of mRNA, the translational efficiency of mRNA and the stability of the enzyme, the last two of which are involved in cellular polyamines.
these cells was mainly associated with alterations in mRNA levels, translational efficiency of mRNA, and the rate of enzyme degradation. General methods Protein was measured by the method of Lowry et al. [31] , with BSA as a standard. ODC activity was assayed by using a microassay system as described previously [32] . One unit of enzyme is defined as the amount releasing 1 nmol of C02/h at 37 'C under the specified conditions.
EXPERIMENTAL
Abbreviations used: DFMO, ac-difluoromethylornithine; ODC, ornithine decarboxylase; AdoMetDC, S-adenosylmethionine decarboxylase; MNNG, N-methyl-N'-nitro-N-nitrosoguanidine; FCS, fetal-calf serum.
t To whom correspondence should be addressed. Determination of ODC mRNA contents
Total RNA was extracted from cells by the guanidinium/hotphenol method [36] . ODC mRNA contents were then analysed by Northern-blot analysis [37] using a 32P-labelled cDNA probe prepared as described previously [10] . The relative amounts of ODC mRNA were quantified by scanning with a densitometer.
Analysis of genomic DNA Judging from the overproduction of the enzyme in the resistant cells, we presumed that these cells had amplified ODC genes associated with a high level of ODC mRNA. We examined ODC mRNA and its genomic DNA contents in both wild-type and resistant cells. Restriction-endonuclease analysis of genomic DNA exhibited a similar hybridization pattern to that described by Radford et al. [38] . When DNA from the resistant cells was compared with that from the parental cells, the intensity of the 1.8 kb Pstl fragment increased at least 60-fold in the resistant cells compared with the parental cells (Figure 3a) . Northern-blot analysis of ODC mRNA from both parental and resistant cells showed a single predominant ODC mRNA of about 2.2 kb. Densitometric scanning of the ODC mRNA band indicated that approx. 60-fold more ODC mRNA was present in the resistant cells than in the wild-type cells (Figure 3b) .
The enzyme was shown by several criteria to be normal in every respect: the specific activity of purified enzyme (1.5 x 106 units/mg of protein), the degree of inhibition by antizyme [39] and DFMO, the optimal pH and substrate specificity of enzyme, the acceleration of the enzyme degradation by exogenous polyamines (results not shown).
Changes in ODC synthesis rate and polyamine contents in the resistant cells upon removal and re-addition of DFMO The resistant cells exposed chronically to DFMO exhibited about 30 times higher ODC activity than the parental cells when the activity was measured in dialysed cell extract. Removal of the inhibitor from the medium led to a further increase in enzyme activity, about 30-fold on day 2 and 150-fold on day 3 compared with that on day 0. On the other hand, the amount of ODC protein determined by Western-blot analysis increased about 1.6-fold on day 1, and then decreased gradually thereafter ( Figure  4 ). These results indicated that large amounts of ODC protein in the cells were made inactive by the binding of the inhibitor and that only certain portions of the newly synthesized ODC protein were active. As shown in Figure 5 , the amount of ODC mRNA gradually increased to about 1.7-fold on day 1 and 2.5-fold on day 3 after removal of the inhibitor, whereas the rate of ODC in the parental cells ( Figure 6 , day 0), whereas that of spermine was slightly higher in the resistant cells than in the parental cells.
Removal of the inhibitor from the medium led to a dramatic accumulation of putrescine and spermidine, owing to the increase in active ODC (Figure 6a ). The accumulated putrescine and spermidine were likely to have caused the suppression of the ODC synthesis rate on days 2 and 3, in spite of continuous increase in the amount of ODC mRNA. On the contrary, spermine content decreased concomitantly with the increase of spermidine. Excess putrescine and cadaverine, an unusual diamine formed from lysine by the action of ODC, were excreted into the medium from the resistant cells (Figure 6b ), whereas spermidine, spermine and acetylated polyamines were undetectable there (results not shown). The results were consistent with those of the DFMO-resistant L1210 cells reported by Pegg et al. [40] .
The results shown in this section were accompanied by changes in the rate of cell growth and in polyamines. Doubling times of the DFMO-resistant cells cultured in the absence and presence of 20 mM DFMO were 12 and 26 h respectively, indicating that the cells were not totally resistant to 20 mM DFMO (see Figure 1) . Similar results were obtained either when medium containing 20 mM DFMO was changed to that containing 2 mM DFMO or less, or when medium containing 7 mM DFMO was changed to that without DFMO (results not shown).
Changes in ODC degradation after removal of DFMO The degradation rate of ODC was measured by pulse-chase experiments. In medium containing 20 mM DFMO, ODC protein Previous reports from Pegg and co-workers [19, 20] and Persson et al. [11] showed that, in translation systems in vitro, low concentrations of spermidine and/or spermine stimulated translation of ODC and AdoMetDC mRNAs, but at higher concentrations they were strongly inhibitory. Putrescine was less effective than spermidine and spermine, even when used at a 10-fold higher concentration. Recently, polyamine-responsive element(s) was found to be present in the 5'-untranslated region of ODC mRNA [23, 24] . Taken together, our results suggest that after removal of the inhibitor the stimulation of ODC synthesis on day 1 was caused, at least in part, by the low level of cellular putrescine and spermidine and by the decrease in cellular spermine. The suppression of ODC synthesis after day 2 was presumably due to translational repression caused by the large accumulation of cellular spermidine.
The accumulation of putrescine and spermidine progressively induced a rapid degradation of ODC. Several lines of evidence indicate that induction of antizyme is involved in the polyamineinduced acceleration of ODC decay [39, 42, 43] . Many other mechanisms have also been proposed for the rapid degradation of ODC [44] [45] [46] [47] [48] . These include covalent modifications and interconversion of isoforms. It has also been proposed that the degradation of rapidly turning-over proteins is dependent on the intramolecular peptide region called the PEST sequence, which consists of proline, glutamic acid, serine and threonine [49] . ODC contains two PEST sequences, and the truncated form of ODC lacking the C-terminal PEST sequence was reported to be more stable than normal ODC in the absence of exogenous polyamines [50] . 
